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INTRODUCTION 

During the current  e f f o r t s ,  two bas ic  pr inc ip les  f o r  coal pas i f ica t ion  have 
One is t h e  production of synthesis  gas by react inp the  coal  with been advanced. 

steam under the addi t ion of heat. 
n a t u r a l  gas, a methanation s t e p  is necessary a f t e r  the proper r a t i o  of carbon 
dioxide and hydrogen has been establ ished by a water pas s h i f t  react ion.  The 
methanation is  highly exothermic. 
temperature (400' C) ,  i t s  heat cannot be used (L). 
hydrogenate the coal  d i r e c t l y  under high pressure t o  obtain methane. 
is more e f f i c i e n t  because i t  e l i u h a t e s  the methanation s tep .  
d i r e c t  hydrogasification does not  e l i r i n a t e  the methanation completely, because 
t h e  presence of some hydrogen in the  product gas (15 t o  2 0  pct)  cannot be avoided; 
however, the  methanation requirements a r e  considerably less. 

I f  t h i s  pas should be upgraded t o  replace 

But s ince  i t  has t o  be executed a t  a moderate 
The other  p o s s i b i l i t y  i s  t o  

This method 
In the  r e a l  case, 

TQe HYDRANE process (2) uses the  hydrogenation approach and is desipned t o  
gas i fy  caking coal without pretreatment by p a r t i a l  oxidation. 
of t h e  coal  w i l l  b e  removed by feeding the raw coal  i n t o  a dilute-phase reac tor ,  
in which t h e  coal  f a l l s  f ree ly  i n  contact with a hot  gas r i x t u r e  of hydrogen and 
methane. 
excessive agglomeration of the  coal  p a r t i c l e s  can be avoided. After  t h e  coal  has 
been devolat i l ized and p a r t l y  hydrogasified in the  d i l u t e  phase reac tor ,  i t  e n t e r s  
a second s tage,  which is a f l u i d  bed reactor .  In t h i s  s tage ,  t h e  s o l i d s  w i l l  be 
hydrogasified i n  a hydrogen atmosphere a t  approximately 900' C and under a pressure 
of 70 atm. The gas fed t o  t h e  f l u i d  bed reactor  is pure hydrogen; the  pas leaving 
t h i s  s tage  contains approximately 46 pct methane. This mixture is fed t o  t h e  f r e e  
f a l l  s tage,  where t h e  hydrogen-to-methane conversion w i l l  continue i n  presence of 
the  d i l u t e  sol ids  phase. 

The cakinp property 

I f  the coa l  is heated rapidly through t h e  p l a s t i c  s tape  (400" C t o  700' C) 

Though the t o t a l  carbon content of the  coal could be pasif ied i n  the  f lu id ized  
bed s tage,  i t  is more e f f i c i e n t  t o  hydropenate the  coal only p a r t i a l l y ,  and t o  use the 
remaining char f o r  the production of the necessary hydrogen. In  t h i s  case, the  char 
leaving the  f l u i d  bed w i l l  be fed i n t o  a g a s i f i e r ,  i n  which, by adding steam and 
oxygen, t h e  char w i l l  be converted i n t o  hydrogen r ich  synthesis  gas. 

Tests have been rrade on HYDRANE char t o  obtain k i n e t i c  information concerning 
the  water gas react ion (react ion with steam). 
char  re jected from the  f l u i d  bed s tage  of the process development u n i t  a t  the  ERDA 
Energy Research Center i n  Pittsburgh. This char contains approximately 50 p c t  of 
t h e  i n i t i a l  carbon content of  t h e  r a w  coal. 

Pr inc ipa l  Reactions and Kinetics 

By HYDRANE char we mean the  res idua l  

The overal l  chemical react ion t o  be studied is 

H20 + Char -> Hp + CO + C o p  + Ash 1) 

This is a mult is tep react ion which , accordinp t o  (2) and (5) arrong o thers ,  can be 
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separated i n t o  t h e  following p r inc ipa l  processes (Cf denotes a f r e e  reaction s i te  and 
C an  oxidized r eac t ion  site at  t h e  carbon surface).  

I 

I 

k2 
H p 0  + Cf <-> Hp + Co 

k; 
k3 

co -> co + YCf 

I n  addition, there  is  a competing oxygen exchange reaction 

kl 
c02 + Cf <-> co + co 

k: 
4) 

The parameter y i n  r eac t ion  (3) is assumed t o  be unity. 
ca t ion  r a t e  w i l l  be maintained; a new ac t ive  s i t e  is generated with each carbon atom 
gasif ied.  
carbon s i t e s  ava i l ab le  f o r  oxidat ion depends on the  de t a i l ed  s t r u c t u r e  of the surface,  
i n  addi t ion to the surface area (5, a, 2, m). Since the char we a r e  dealing with 
is very porous, we can assume t h a t  the geometrical surface area o f  t he  p a r t i c l e s  can 
be neglected compared t o  t h e  i n t e r n a l  surface area,  i.e.,. the avai lable  surface area 
i s  proportional t o  t h e  t o t a l  amount of so l id s  i n  the r eac to r  and independent of the 
s i z e  and shape of t h e  p a r t i c l e s .  

In t h i s  case a steady gasif i -  

The experimental r e s u l t s  tend t o  confirm t h i s  assumption. The number of 

0 

Denote the f r ac t ion  of the carbon atoms which can be oxidized (i.e., a c t ive  s i t e s )  
by ’ 

Number of ac t ive  sites 
‘t = Total number of carbon a t o m  

which i s  a s smed  t o  be a constant.  
and of the oxidized si tes,  Cos follow the r e l a t i o n  

Then the f r ac t ion  of t he  ac t ive  f r e e  sites, C f ,  

C t  - Cf + co 5) 

Reaction (3) represents  the actual gas i f i ca t ion  step. The gas i f i ca t ion  r a t e  - 
dn/dt,  i n  ml/s is  

dn 
d t  - - I =  Nc * kgCon 

n is the  number of carbon atoms present.  

The r a t e  constant kg has  the dimension: 

moles gasified/second 
moles of carbon present 

From Equation 6 i t  is easy t o  determine the quant i ty  k3Co 

k3Co = ( U t )  I n  (no/n(t)  1, 7) 

where t i s  the  residence t i m e  of t h e  char,  and n ( t )  is the remaining amount of carbon 
i n  the  reactor  a f t e r  time t. 
no t  known. 

The f r ac t iona l  concentration of oxidized si tes,  Co, i s  
It depends on t h e  rates of the oxygen exchange reactions.  
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For experimental purposes we can simplify the  system of reac t ions  described above 
by reac t ing  char with carbon dioxide without t h e  presence of steam. 
r e a c t i v i t y ,  k3C0, can be determined by measuring the amount of s o l i d s  converted t o  gas. 
In  addi t ion,  t h e  equilibrium value of Co approaches very closely t h a t  of Ct  if the 
amount of carbon monoxide generated is  small cmpared t o  t h e  carbon dioxide present ;  
i n  t h i s  case almost a l l  a c t i v e  sites a r e  oxidized. 
by analyzing react ions (3)  and ( 4 ) .  

The gas i f ica t ion  

This can be v e r i f i e d  theore t ica l ly  

c and Cco are t h e  concentrations of CO and C O  respect ively.  A t  t h e  high pressures  

of i n t e r e s t ,  t h e  oxygen exchange react ions are very f a s t  compared t o  t h e  gas i f ica t ion  
reac t ion  (10). Therefore, the  last term of Equation 7 can be dropped. I n  the  steady 
s t a t e  dCo/dt = 0. Eliminating t h e  number of f r e e  sites and expressing i t  i n  terms of 
the  t o t a l  number of a c t i v e  sites Cf = C t  - Co, we obta in  

CO2 2 

Ct co - l + t  
K1 

9 )  

where K1 = kl/k;, and x = Cco/Cco2. 

Experimental Outl ine 

The experimental system used i n  t h i s  study is bas ica l ly  t h e  same which has been 
used by S .  Friedman e t  al. (11) (see f igure 1) .  
of feed gas was maintained, which kept t h e  char i n  a f lu id ized  state. 
(up t o  70 atm) w a s  maintained by t h e  supply cyl inders ,  and in  case of water, by 
pressurizing the  water reservoi r  with helium. The gas flow was control led with 
needle  valves and flowmeters before the  gas entered the  reactor .  
necessary t o  maintain a uniform temperature p r o f i l e  along t h e  reactor .  
w a s  heated by d i r e c t  res i s tance  heat ing,  i n  which the reac tor  vesse l  served as the  
heat ing element. The heat ing current  of up t o  700A w a s  supplied with a stepdown 
transfoxmer, whose primary vol tage could be controlled. 
flowed through a steam t r a p  before  i t  was depressurized. 
kept the pressure i n  t h e  system constant. 
were made t o  take per iodica l  gas samples f o r  chemical analysis .  

I n  our  appl icat ion a constant  flow 
The pressure 

A preheater  w a s  
The reac tor  

The gas leaving t h e  reac tor  
A back pressure regulator  

The gas was metered and f l a r e d .  Provisions 

The reactor  ( f igure  2) consis ted of a 1.78 m long s t a i n l e s s  steel tubing with 
an inner  diameter of 0.8 cm (5/16") and a wall thickness of 0.4 cm. Two disks  of 
porous s t a i n l e s s  s t e e l  confined the  char sample within the react ion zone, which was 
1 m long. In t h e  non-fluidized s t a t e  a charpe of 5 g occupies ha l f  of t h e  react ion 
zone. A 
new tube had t o  be provided f o r  each experiment. The temperature w a s  monitored with 
four  chromel-alumel thermocouples peened in to  the  tube wall. A t  the  b o t t o r  of the  
s t a i n l e s s  s t e e l  tube, a preheater  i n  form of a ceramic rod containing a heat ing wire 
ra i sed  the  feed gas temperature. 

The porous disks  were kept i n  place by pinching the  tube from t h e  outside. 

For t h e  steam experi.ments, t h i s  preheater  was  not  s u f f i c i e n t  t o  vaporize the  
water completely. 
wrapped around the water feed l i n e  t o  keep the  temperature above the boi l ing  poin t  
of t h e  water a t  the  pressure of the experirrent. 
and e x i t  of the  reac tor  allowed t h e  temperatures t o  be checked t o  assure  t h a t  no 
condensation has occurred. 

Therefore, i n  addi t ion t o  t h e  preheater ,  heating tapes  were 

Extra thermocouples a t  t h e  i n l e t  
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Experimental Procedures 

A l l  experiments have been car r ied  out  isothermally a t  constant  pressure. For 
t h e  experiments wi th  carbon dioxide and char, the reac tor  has been heated up rapidly 
a f t e r  t h e  proper gas  flow has been establ ished.  
than a minute, with t h e  run l a s t i n g  between 20 minutes and 4 hours. 
of the experiment, the  hea t  wa8 turned o f f ,  and t h e  reac tor  quenched with water. The 
procedure f o r  the  steam-char experiments w a s  d i f fe ren t .  
i z e d  with helium, then h e a t  was applied. After  the proper temperature has  been 
reached, t h e  water flow w a s  s ta r ted .  A t  t h e  conclusion of the  run, t h e  water was 
turned o f f ,  and replaced w i t h  a flow of dry ni t rogen i n  order  t o  remove a l l  of  the  
steam. 
w a s  necessary t o  avoid t h e  condensation of water i n  the  reactor .  
has  been cooled t o  room temperature, the s t a i n l e s s  steel rod was  cu t  i n  t h e  middle 
t o  r e t r i e v e  t h e  residual s o l i d s ,  which were weighed and analyzed f o r  their carbon 
contents. 

The heat-up t i m e  w a s  always l e s s  
A t  t h e  conclusion 

The system was f i r s t  pressur- 

- 
The reac tor  w a s  slowly cooled and eventually gradually depressurized. This 

Af te r  t h e  reac tor  

Care has been taken t o  prevent a bui ld  up of t h e  product gas concentration near 
t h e  p a r t i c l e  surface.  
exchange reactions. 
e f f e c t  had t o  be l a r g e r  than 40 u n / s  f o r  t h e  carbon dioxide experiments, while  f o r  
t h e  steam experiments, a v e l o c i t y  of 15 cm/s was s u f f i c i e n t .  This probably can be 
explained with the  high d i f f u s i v i t y  of hydrogen, which is t h e  p r i n c i p a l  product of 
t h e  steam - char react ion.  
approximately 6 times t h a t  of t h e  CO2 - CO system (12). 

This would unduly favor t h e  back reac t ion  of t h e  oxygen 
Tests showed t h a t  the  s u p e r f i c i a l  gas ve loc i ty  t o  avoid t h i s  

The binary gas d i f f u s i v i t y  of t h e  H 2 0  - H2 system is 

1 Resul t s  

1 

t 

An analysis  of t h e  char used f o r  most of the experiments i s  given i n  Table 1. 
This  represents  t h e  averaged data  and t h e i r  standard deviat ion errors from eight  
ind iv idua l  analyses. The batch of char HY-13, from which these samples were taken, 
was always carefu l ly  mixed before  a sample was withdrawn. A s  can be seen, t h e  only 
major components are carbon and ash. 
has been used; this is discussed below. I In  a few cases char from a d i f f e r e n t  source 

Carbon dioxide - char  reactions: 

Since t h e  carbon dioxide - char reac t ion  experiments are less complicated 

'i and easier t o  analyze than the steam - char react ions,  they have been carr ied 
o u t  f i r s t .  The temperature ranged from 
750' C t o  900' C. 
feed gas w a s  a mixture of carbon dioxide and helium. In most cases t h e  r a t i o  was 1 
p a r t  helium t o  10 p a r t s  carbon dioxide. The p a r t i a l  pressure of the  carbon dioxide 
is  given i n  column 3. 
f o r  most tests w a 6  kept  between 0.4 and 0.6 m / s  (column 4),  requir ing a gas 

conversions, such t h a t  more than 99 p c t  of t h e  e f f l u e n t  gas  cons is t s  of carbon 
dioxide and helium. 
(<0.5%). 
gives  the f r a c t i o n  o f  the  re t r ieved  s o l i d s  by weight ( i .e . ,  X - weight of  residual 
solids/weight of  charge). 
by chemical ana lys i s  of  the  charge and of t h e  residue and is l i s t e d  i n  column 7 
( i . e . ,  Y * mass of carbon i n  t h e  residuum/mass of carbon i n  t h e  charge). 
3 t h e  quant i ty  Y is p l o t t e d  versus X. 
from s t e m  experiments. 
t h e  abscissa  a t  0.32, which corresponds t o  t h e  ash content of the  o r i g i n a l  char 
(see Table 1) .  

1 
A l l  p e r t i n e n t  da ta  are l i s t e d  i n  Table 2. 

The pressure was usual ly  35 a t m ,  and twice i t  was 18 atm. The 

The feed was adjusted such t h a t  the  l i n e a r  gas veloci ty  

f l o w  of up t o  0.010 molls ;  t h i s  is a very high gas feed compared t o  the  ac tua l  !I 

The carbon monoxide production was almost n o t  measurable 
Column 6 However, the so l ids  and carbon conversion w a s  determined. 

The f r a c t i o n  of t h e  re t r ieved  carbon has been determined 

In f igure 
The graph a l s o  contains  point8 obtained 

A l l  po in ts  are sca t te red  around a s t r a i g h t  l i n e  intersect ing 

One can conclude t h a t ,  while the ash remains completely i n e r t ,  t h e  
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non-ash Components, which consis t  t o  97 pc t  of carbon, a r e  gas i f ied  at t h e  same 
rate a s  the  f ixed carbon. This observation allows t o  ca lcu la te  the  carbon conversion 
from the  t o t a l  mass l o s s ,  which i s  determined by weighing and therefore  many 
times more accurate  than a chenical  analysis  of the  res idua l  so l ids .  
f r a c t i o n a l  carbon conversion (equivalent t o  t h e  quant i ty  Y i n  Table 2)  can be 
expressed as 

The 

x - CA 

l - c A '  Y = -  10) 

where CA is the  f r a c t i o n a l  ash content of the  charge. 
i n  column 8 of Table 2 i s  calculated according t o  Equations 7 and 10 

The reac t ion  constant 

1 - CA 
B = + - I ~ -  x - CA 

res 

where tr i s  t h e  residence t i m e  given i n  column 5 of Table 2. The r e s u l t s  
show t h a t  the  carbon conversion i s  a f i r s t  order  process with regard t o  the 
carbon present. Figure 4 shows no systematic re la t ionship  between t h e  r a t e  
constant  a s  defined i n  Equation 7 and the  mass loss .  The Arrhenius 
p l o t  i n  f igure  5 shows t h a t  t h e  process is  a l s o  of 0th order  with regard t o  
t h e  amount of reac tan t  gas  present. Two data  poin ts  have been obtained frorr. 
experiments conducted a t  18 a t m ,  which is half the  usual  pressure (see Table 2 ) .  
The Arrhenius p l o t  y i e l d s  an ac t iva t ion  energy of 54.5 kcal/mol and a frequency 
f a c t o r  of 1.14 x 10 s-l. The p lo t ted  q u a n t i t i e s  represent  t h e  r a t e  constant  k3C ' 
as i t  is defined i n  Equation 6. 
monoxide concentration (,$,0.5%), the quant i ty  Co is approaching C t  according 
t o  Equation 9. K1 i s  t h e  e q u i l i b r i m  constant f o r  the oxygen exchange react ions 
4,  and assumes t h e  values  from 0.03 t o  0.2 f o r  a temperature range between 
750' C and 900" C (5, G I .  
estimated tha t  the  quant i ty  k3Ct should be i n  t h e  average 10 pct  l a r g e r  than B,  
wi th  an ac t iva t ion  energy reduced by approximately 2 kcal/mol. 
within the  f luc tua t ion  of  t h e  experimental data. 
3 poin ts  taken on SYNTHANE char at three  d i f f e r e n t  temperatures. This mater ia l ,  
o r ig ina l ly  I l l i n o i s  16  coal ,  went through a steam gas i f ica t ion  process wi th  60 pc t  
of its o r i g i n a l  carbon content gasif ied.  
distinguished from t h e  HYDRANE char. 

Steam - Char Reaction: 

However, a s  already mentioned, with t h e  low c a d o n  

Using these f igures  and Equation 10, i t  has  been 

But t h i s  i s  
Table 2 and f igure  5 contain 

The r e a c t i v i t y  of t h i s  char  cannot be 

The react ion of t h e  char with steam i s  a more involved process than the  
carbon dioxide react ion because now react ions 2 and 4 compete with each other. Also 
with  t h e  ex is t ing  experimental system, the  temperature along the r e a c t o r  could not 
b e  kept as uniform as w a s  the  case with t h e  carbon dioxide experiments, causing 
more sca t te r ing  of the  data. Results of the steam s e r i e s  are l i s t e d  i n  
Table 3. The arrangement of the  columns i s  t h e  same as i n  Table 2, except 
no p a r t i a l  pressure is given because the feed gas consis ted exclusively of 
steam. Since t h e  carbon conversion data  from these runs have the same 
re la t ionship  t o  the  t o t a l  mass loss  a s  w a s  the  case with t h e  carbon dioxide 
experiments, Equation 11 could a l s o  be used t o  ca lcu la te  the  r a t e  constant. 
An Arrhenius p l o t  of the  rate constants i s  given i n  f i g u r e  6 superimposed 
on the  averaged rate constant  f o r  t h e  carbon dioxide - char  react ion taken 
from f i g u r e  5. 
f o r  both types of reac t ions  the  r e a c t i v i t y  is similar. 
w a s  always more than 98 p c t ,  the  difference between Co and Ct can be a s s w e d  t o  he 

Taking the  experirrental sca t te r ing  i n t o  account, we see  t h a t  
Since the  steam concentration 
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very small, using the  same argument a s  f o r  t h e  carbon dioxide tests. 
between the carbon dioxide and the steam data  ind ica te  t h a t  the g a s i f i c a t i o n  
reac t ion ,  Equation 3, is t h e  r a t e  cont ro l l ing  s tep ,  with the  same type of reaction 
s i t e s  responsible f o r  both react ions.  
of t h e  reactant  gas has no e f f e c t  on the reac t iv i ty .  

The s imi la r i ty  

Also i t  has been shown t h a t  t h e  concentration 

Discussion 

The r e a c t i v i t i e s  obtained i n  our experiments r e f e r  to t h e  composite quant i ty  
kgCt, where Ct  is assumed t o  b e  independent of the temperature (within the  l i m i t s  of 
our experimental condi t ions) .  
t h e  s o l i d  which a r e  ava i lab le  f o r  oxidation. Obviously, the surface a r e a  of the 
material is of p r i m e  importance. 
of  t h e  sur face  s i t e s  is capable of accepting oxygen. I n  graphi tes ,  t h i s  port ion i s  
4 pct  ( 9 ) .  Moreover, i t  w a s  shown t h a t  various d i s c r e t e  types of r e a c t i v e  s i t e s  do 
e x i s t  OK graphon surfaces  (5, 5, 1, z), which i n  general  a r e  ac t iva ted  a t  d i f f e r e n t  
temperature regimes. 
graphic defec ts  (14). 
ca t ion  r e a c t i v i t i e s  of chars  and cokes, with t h e i r  high surface area and t h e i r  high 
s t r u c t u r a l  disorder, should be many t i m e s  l a r g e r  than those of  graphi t ized materials. 
f i g u r e  7 t h e  r e a c t i v i t y  constants  f o r  gas i f ica t ion ,  k3Ct, of var ious graphi tes  and carbons, 
obtained by Ergun (4) and Mentser and Ergun (10) a r e  p lo t ted  together with our results 
from the carbon dioxide - char react ion experiments. 

The ac t iva t ion  energy remains the  same f o r  a l l  mater ia ls .  

Ct  represents  the  f r a c t i o n  of those carbon a t o m  i n  

However, as  already mentioned, only a small port ion 

The accepted not ion is t h a t  oxidation takes place around crystallo- 
Following these arguments, i t  should be expected t h a t  the gasif i -  

In  

In  addi t ion,  the 
a c t i v a t i o n  energy from recent  experiments on react ions of petroleum coke and electrode 
mater ia l  with carbon dioxide (17) is between 51.3 and 56.6 kcal/mol, i n  good agreement 
with our data .  This allows the  conclusion t h a t  the chemical desorption s tep ,  which 
according t o  Equation 3 is control led by the quant i ty  kg, is unaffected by the  
crystal lographic  state of the  reac t ive  surface. However, t h e  f r a c t i o n  of ava i lab le  
a c t i v e  sites. C t ,  va r ies  by more than 2 orders of magnitude, as can be  seen from the 
pre-exponential f a c t o r s  of the Arrhenius p lo ts  i n  f i g u r e  7. 
with Ceylon graphi te ,  which comes c l o s e s t  t o  an i d e a l  graphi te  s t ruc ture .  
of t h e  materials follows inverse ly  the  order  of t h e i r  degree of crystal lographic  perfection. 

1 
I 

The lowest C t  is associated 4 

1 The reac t iv i ty  

The first order  c h a r a c t e r i s t i c  of the  carbon conversion process is i n  agreement 
with the  assumption t h a t ,  f o r  a p a r t i c u l a r  mater ia l ,  the  f r a c t i o n  of the  ac t ive  s i t e s ,  Ct ,  
remains constant during t h e  react ion,  o r ,  i n  o ther  words, t h a t  the  parametery i n  the 
g a s i f i c a t i o n  react ion,  Equation 3, i n  unity. This has been confirmed by surface area 
measurements, which showed t h a t  the B. E. T. surface of a sample before and a f t e r  the 
experiment increased only s l i g h t l y .  

i 

\ 7 

\ 
A c a t a l y t i c  e f f e c t  due to  the  multi tude of foreign matter i n  cokes and chars 

Experimental evidence suggests  t h a t  the ac t iva t ion  energy should decrease 
is possible .  
s tep .  
with c a t a l y t i c  ac t ion  (e). 

Experiments on var ious types of chars and raw coals  under atmospheric pressure 
have been conducted by C. Y. Wen's group i n  Morgantown, West Virginia ,  (16). 
8 shows t h e  r e s u l t s  as continuous curves. 
exponential fac tor  depends only on the  source of the coal ,  and not  on t h e  treatment 
f o r  charring. 
#6 coal  and three d i f f e r e n t  chars  made from I l l i n o i s  16 (RYDRANE, SYNTHANE, IGT) the 

t h i s  coal. 
meta l lurg ic  coke. 
r e s u l t s  of t h i s  study up t o  a temperature of approximately 1000° C. 

However, this should a l s o  change the  ac t iva t ion  energy of the gasif icat ion 

\ 
Figure 

An i n t e r e s t i n g  fea ture  is t h a t  t h e  pre- 
I 

\i 
\ 

I 

The upper curve descr ibes  the react ion behaviors of untreated I l l i n o i s  

lower curve r e f e r s  t o  untreated Pi t tsburgh Seam coal  and t o  WDRANE char  made from 
The bottom curve i n  f igure  8 r e f e r s  t o  measurements by Ergun (2) on 

The a c t i v a t i o n  energies  of a l l  three curves agree wel l  with the  

k Above t h a t  
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temperature, the a c t i v a t i o n  energies  decrease markedly. Various explanations have 
been suggested f o r  t h i s  behavior. 

Conclusion 

For temperatures up t o  1000° C and within a wide pressure ranpe (from atmospheric 
t o  70 atm), the  rate l imi t ing  s tep  f o r  the  reac t ion  of carbon with steam as w e l l  as 
wich carbon dioxide is t h e  desorption react ion,  i n  which an oxidized Carbon is released 
from t h e  carbon surface,  forming a gaseous carbon monoxide molecule. 
is governed by an a c t i v a t i o n  energy around 56 kcal/mol. 
react ions,  steam - carbon and carbon dioxide - carbon, t h e  same type of atomic carbon 
sites on t h e  surface are involved. 
from I l l i n o i s  8 6  c o a l  exhib i t  high r e a c t i v i t i e s  compared t o  o ther  carbonaceous 
materials. 
d i sorder  of t h e  char. 

This process 
It is suggested t h a t  f o r  both 

'> 
In addi t ion,  i t  has been shown t h a t  chars  sade 

This probably is due t o  a la rge  surface area and a high crystal lographic  

b 
I 
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I 

TABLE 1.- Analysis of HYDRANE char 
(HY-13. made from Illinois 16) 

As received Moisture and 
ash free 

Proximate Analysis , 

Mois ture 3.5 f 0.4 
Volatile Matter 3.5 f 1.5 4.2 f 0.8 
Fixed Carbon 61.1 f 4.8 95.8 f 0.8 
Ash 31.9 2 3.8 

Ultimate Analysis 
Hydrogen 1.1 f 0.1 1.2 f 0.3 
Carbon 61.8 f 3.1 96.6 f 0.6 

Oxygen 3.6 f 0.2 0.6 f 0.2 
Sulfur 0.6 f 0.05 0.9 i 0.05 
Ash 32.5 f 3.4 

Nitrogen 0.4 f 0.05 0.7 * 0.05 
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Figure 5-Gasification rote constant for the reaction of 
CO, with char. 
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TEMPERATURE, C" 

Figure 6-Gasification rate constant for the reaction of 
steam with hydrane char ( T h e  continuous 
line representsthe rate constant for the C 0 2  
char reaction) 
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